Bi-functional electrocatalysts capable of both the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) are highly desirable for a variety of renewable energy storage and conversion technologies. To develop noble metal alternatives for catalysis, non-noble metal compounds have been tremendously pursued but remain non-ideal to issues relating to stability and population of the number of exposed active sites. Inspired by Engel-Brewer valence bond theory, strongly coupled nickel-cobalt-nitride solid-solution/carbon nanotube hybrids were developed by tuning their bifunctionalities from an atomistic scale. The as-synthesized catalysts demonstrate superior catalytic properties to commercial noble-metal based counterparts, i.e. platinum on a carbon support for ORR and iridium oxide for OER, also with much enhanced stability. First-principle calculations and structural analysis show that the optimized structures potentially possess multiple active sites, both bulk-surface response and separated surface charge distribution from optimization of Ni/Co nitrides could contribute to synergistic effects for improved catalytic performances. This study provides not only unique theoretical insights but also a design concept for producing effective bi-functional catalysts with balanced-ORR/ OER active sites for this class of transition metal nitride hybrid system and paves the way for exploring other metal nitrides for similar purposes.
A B S T R A C T
Bi-functional electrocatalysts capable of both the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) are highly desirable for a variety of renewable energy storage and conversion technologies. To develop noble metal alternatives for catalysis, non-noble metal compounds have been tremendously pursued but remain non-ideal to issues relating to stability and population of the number of exposed active sites. Inspired by Engel-Brewer valence bond theory, strongly coupled nickel-cobalt-nitride solid-solution/carbon nanotube hybrids were developed by tuning their bifunctionalities from an atomistic scale. The as-synthesized catalysts demonstrate superior catalytic properties to commercial noble-metal based counterparts, i.e. platinum on a carbon support for ORR and iridium oxide for OER, also with much enhanced stability. First-principle calculations and structural analysis show that the optimized structures potentially possess multiple active sites, both bulk-surface response and separated surface charge distribution from optimization of Ni/Co nitrides could contribute to synergistic effects for improved catalytic performances. This study provides not only unique theoretical insights but also a design concept for producing effective bi-functional catalysts with balanced-ORR/ OER active sites for this class of transition metal nitride hybrid system and paves the way for exploring other metal nitrides for similar purposes.
Increasing demands for renewable energy have stimulated the rapid development in the generation of novel energy storage and conversion technologies [1, 2] . The oxygen reduction and/or evolution reactions (ORR/OER, respectively) are central to the efficiency of a wide range of energy conversion applications, such as metal-air batteries, reversible fuel cells and water splitting devices [3] [4] [5] [6] . Despite considerable efforts in the development of new catalysts, the commercial platinum/carbon for ORR and iridium oxide for OER, remain the benchmark materials [7, 8] . However, these noble metal based catalysts suffer from high cost, poor catalytic reversibility and unsatisfactory long-term stability [9] . Overall, the ORR and OER are reversible reactions but commonly used electrocatalysts do not service both reactions well [10, 11] . Hence, it is of great importance to design and develop economical, effective and stable bi-functional oxygen electrocatalysts to reduce the potential gap between these two sluggish processes using a single electrode formulation.
Besides noble metals, transition metal-based materials and doped carbon structures have been explored for bi-functional oxygen electrocatalysis [10, [12] [13] [14] [15] [16] [17] [18] . First-row transition metals with cost-effectiveness and abundance have attracted intensive attention for such applications due to their incompletely filled d-orbitals offering a rich range of possible oxidation states, which accommodates the catalytic performance. Previous studies show that nickel, cobalt, manganese and iron-based hydroxides/oxides have been shown promising ORR and/or OER properties [4, 10, 13, 14, 17, [19] [20] [21] . However, their intrinsically poor electron conductivities and the limited number of active sites impede their electrocatalytic performance.
Based on the Engel-Brewer valence bond theory, early transition metal carbides and nitrides could increase the effective s-p electron count of metals [22] , and thus, the structures and chemical properties of the Group VIII metal carbides and nitrides often resemble those of noble metals. In 1973, Levy and Boudart were first to discover that tungsten carbide has platinum-like behaviour in surface catalysis [23] .
designed by Xie et al. and showed excellent OER properties, with a smaller Tafel slope of 45 mV/dec compared to the oxide counterparts [24] . Based on both experimental and theoretical approaches, these nitride ultrathin nanosheets have been shown to exhibit metallic electroconductivity. Moreover, binary transition metal compounds offer diversity and tunability for electrocatalysis. From our previous work, the ORR performance of binary nickel and cobalt sulphides could be tuned on an atomistic perspective [25] . However, the reported bitransition metal compounds, such as NiCo 2 S 4 and Ni 3 FeN, could lose their catalytic activity due to decreased electrical conductivity, reduced active sites or structural corruption in alkaline aqueous electrolytes [5, 19, [25] [26] [27] . Hence, improvements in materials design is critical for both highly active and stable bi-functional electrocatalysts. In addition, a better understanding of the active catalytic sites and the structrual/ electronic evolution within a series of solid solution nitrides have not been studied until now, and sheds a unique light on the rational design of transition metal nitride catalysts.
In this work, Ni/Co nitrides (Ni x Co 3−x N) solid-solutions decorated on nitrogen doped carbon nanotubes (NCNT) were designed and synthesized the first time as highly stable bi-functional ORR and OER electrocatalysts for Zn-air batteries. The NCNTs provided a conductive and porous framework for fast ion and electron diffusion to enhance mass-transport. Additionally, they provided a physical support that helped stabilize the Ni x Co 3−x N nanostructures. Computational simulations showed that a wide range of compositions could be achieved by simply changing the Ni/Co contents, as the Ni and Co cations share similar kinetic diameters, are mutually soluble (without the formation of any intermetallic phase) and the formation energy of the bimetal alloy nitrides are also on a similar level. Guided by the theoretical calculations, the optimised Ni/Co ratio nitride (i.e., Ni 0.5 Co 2.5 N, the corresponding hybrid sample with NCNT is subsequently denoted as SS/NCNT) possesses balanced and improved ORR/ OER bi-functional properties. Analogous experimental and theoretical activity trends in the ORR and OER performances were observed for a series of Ni x Co 3−x N solid-solutions (x=0, 0.5, 1, 1.5, 2, 2.5 and 3). Compared with other Ni/Co nitrides, the results show that Ni 0.5 Co 2.5 N possessed the weakest transition metal-nitrogen (TM-N) bonds as the bonding states are shifted closer to the Fermi level in the bulk structure and N atoms on the surface are in more charge rich states compared with other composites. For these reasons, the activation energy among catalysts (both transition metal and N atoms) and reactants/intermediates could be optimized by changing the ratio of Ni and Co in the solid solution nitrides. Both the unique composition and structural design delivered one of the highest performing ORR/OER catalytic properties ever reported, showing better catalytic performances to commercial noble metals, and with much enhanced stability, as they presented no obvious current density decay after extended cycling. To demonstrate practical efficacy, a rechargeable Zn-air battery using SS/ NCNT as the air-cathode materials exhibited a steady current density of 5 mA cm −2 for more than 300 cycles.
The synthetic procedure to make solid-solution nitrides decorated with NCNT includes the following three steps, as shown in Scheme 1 and detailed in the Supplementary information (SI). Firstly, the commercial multi-walled carbon nanotubes were mildly oxidized (oxCNT) to increase the number of oxygen functional groups by an improved Hummers' method [28] . Oxygen functional species can form a strong interaction with metal cations for nucleation and further growth of nanostructures. Then, Ni(NO 3 ) 2 .6H 2 O and Co(NO 3 ) 2 .6H 2 O with different Ni:Co mole ratios (3:0; 2.5:0.5; 2:1; 1.5:1.5; 1:2; 0.5:2.5 and 0:3) were hydrolysed on the surface of the pre-treated carbon nanotubes. The complex reaction involving Ni/Co and nitrogen functional groups from methenamine was subsequently conducted in a mixed alcoholic solution at 80°C. After that, the hydrothermal reaction results in the formation of Ni/Co hydroxide nanostructures on the oxCNT. Finally, the Ni x Co 3−x N/NCNT was formed by annealing the hydroxides/oxCNT under a flow of ammonia gas at a specific temperature range. The composition of the Ni x Co 3-x N could be tuned on an atomistic level, given the high solubility and interchangeable nature of Co and Ni within the lattice, in order to optimize the bi-functional properties of the electrocatalysts.
The nanostructures of the as-synthesized materials were imaged by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The TEM images in Fig. S1a shows that, after hydrothermal reactions, Ni/Co hydroxides nanosheets typically grew on the oxCNT, forming an interwoven network. As the annealing temperature was increased under a flow of ammonia gas, the morphologies of the uniform nanosheets tended to change to nanoparticles attached to the NCNT support ( Fig. S1 b-f) . Meanwhile, thermogravimetric analysis of the products after the hydrothermal reaction ( Fig. S2 ) confirmed the release of gas and significant weight loss at around 300°C. From 500°C and above, nanoparticles size (ranging from~20-50 nm), morphology and crystallinity did not vary substantially (Fig. S3) ; where all materials adopted a hexagonal Ni 3 N structure (P6 3 22) . As no substantial difference in structure or catalytic activity was observed in materials annealed at temperatures above 500°C, a series of solid-solutions were grown at a fixed annealing temperature of 500°C, which overall, constitutes a relatively economic synthetic route to the formation of Ni x Co 3−x N/NCNT. BET surface areas of representative samples before Scheme 1. Synthetic process of the NCNT supported Ni x Co 3−x N solid solution.
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Energy Storage Materials 15 (2018) [380] [381] [382] [383] [384] [385] [386] [387] and after the ammonia annealing process were examined and compared (Fig. S4) . The results showed that typical Ni x Co 3-x N/NCNT exhibited specific surface area of~90 m 2 g −1
, slightly lower than that of hydroxide counterparts (~110 m 2 g
−1
). It is worth noting that the degas temperature of the BET tests was set at 80°C to avoid a morphology change in the as-made hydroxide materials. As such, the calculated specific surface areas were systematically underestimated. As for the electrochemically active surface area (ECSA) calculated from double-layer capacitance measurements (Fig. S5) , typically Ni x Co 3-x N/ NCNT possesses almost double the ECSA of Ni/Co hydroxides/oxCNT, indicating that the ammonium-treatment process increased the ECSA of the hybrids. The micromorphology of the typical Ni x Co 3−x N/NCNT was further examined by SEM as shown in Fig. 1a and b. The grass-like structure with multi-scaled porosity can likely facilitate fast gas/ion diffusion, further proved by low magnification TEM image in Fig. S6 . The distribution of the elements in the hybrid materials was interrogated by energy dispersive spectroscopy (EDS) using a scanning TEM (STEM) (Fig. 1c-g ). The main elements, Co and Ni, were well dispersed across the surface of the CNT support and overlapped strongly. X-ray diffraction (XRD) patterns of a series of the samples shown in Figures  S7a and Fig. 1h showed that the series of Ni x Co 3-x N (x=0, 0.5, 1, 1.5, 2, 2.5, and 3) adopted a hexagonal Ni 3 N structure (P6 3 22) . According to the Scherrer equation, these nanostructures have similar crystal sizes, ranging between 30-50 nm, analogous to the particle sizes observed by TEM. With an increase in Ni content peaks shifted to higher angles, associated with a decrease in unit cell volume consistent with Vegard's law (Fig. S7b) . These results provided strong evidence for the formation of nanoparticulate solid-solutions of Co-Ni nitrides. Further, the Ni/Co atomic ratio (Table S1 ) of these materials were detected by SEM-EDS for the bulk structure, and showed a matching value of the raw ratio used in the synthesis.
The geometries of the Ni x Co 3−x N composition were studied using Density Functional Theory (DFT) calculations, for x=0, 0.5, 1, 1.5, 2, 2.5, and 3. Detailed computational settings are described in the SI. The experimental lattice parameters for the bi-metal nitrides are lacking in the literature, so the pure Ni 3 N, which has been comprehensively studied experimentally, was selected as the reference to evaluate our computational settings. As listed in Table S2 , the optimized lattice parameters were in line with previous theoretical predictions [29] [30] [31] . Compared with the experimental data [30] , the mismatch was below 0.23%. Further, a 2 × 2 × 2 supercell of Ni 3 N was adopted to study its magnetic properties, as nickel behaves ferromagnetically. Our calculations reveal that the nickel nitride is non-magnetic, which is in line with previous experimental observations [32, 33] . From Bader analysis [34, 35] , the valence charge of the Ni atom is 9.64. Collectively, these results provided confidence to carry out the Ni x Co 3-x N calculations by substituting Ni with Co in the ε-Fe 3 N structure (P6 3 
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on the following equation:
is the energy of the nitrides, and E Ni , E Co and E N are the chemical energies for Ni, Co and N, respectively. As shown in Fig. 1i , the pure Ni 3 N compound possesses the lowest formation energy, followed by pure Co 3 N. For all bi-metal interstitial nitrides, the energy penalty is substantially higher than the pure materials but range very little over the bi-metallic region from 0.92 to 1.03 eV per unit cell. This indicates that these bi-metal nitrides could be formed with any Ni/Co ratio. The Density of States (DOS) of the series of Ni x Co 3-x N in bulk structures reveal that all nitrides are metallic, shown in Fig. S10 (a-g) . Moreover, the 2p orbital of N hybridized with 3d orbitals Ni and Co in the conduction band and the valenced band contributed mainly by transition metals. Compared to Ni, more notable contribution from Co is observed to influence the peak position and width in the valence band. As in Ni 0.5 Co 2.5 N, it possessed the weakest TM-N bonds due to the fact that the bonding states are shifted closer to the Fermi level compared with other composites. This result is consistent with the Bader Charge Analysis, shown in Fig. S10h . The bulk structural evolution could highly affect catalytic properties, which provide the prerequisite to tune the bifunctionality of different compositions of Co and Ni.
Taking the Ni 0.5 Co 2.5 N as a model, its charge distribution at the Fermi level (Fig. 2a) showed the metallic bonding behaviour. The chemical compositions and valence states of SS/NCNT can be confirmed experimentally using X-ray photoelectron spectroscopy (XPS) in Fig. 2b-f . As illustrated in Fig. 2b , the C 1 s peak shows carbon-nitrogen (and oxygen) bonds at~285.6 eV, indicating successful nitrogen doping of defect-rich carbon nanotubes [36] . It is widely known that nitrogendoped carbon materials can be beneficial for oxygen electrocatalysis [16] . In addition, the N 1 s region (Fig. 2c) shows peaks at 400 and 402.9 eV that correspond to absorbed N 2 , interstitial nitrogen dopants and oxidised surface nitrogen respectively on NCNT [16, 37, 38] . The strong peak at~398.1 eV corresponds to the metallic Ni/Co and nitrogen bonds [14] . The Ni 2p region (Fig. 2d) shows a multipletsplit Ni 2p3/2 peak (centered at~873.4 and~870.3 eV), a multipletsplit Ni 2p1/2 peak (~855.6 and~852.5 eV) and a pair of satellite peaks (ΔNi=17.8 eV), which corresponds to the mixed valence states of +2 and +1 Ni at the material surface [39] . Fig. 2e shows the Co 2p region. Similar to Ni 2p region, the Co 2p peaks also contains spin-orbit doublets (ΔCo=15.0 eV). The doublets consist of two pairs of peaks and one pair of satellite peak in lower (Co 2p3/2) and higher (Co 2p1/2) energy bands centred at 803.0 and 785.9 eV, respectively, suggesting the same varied valence states as Ni. The atomic ratio of metal to nitrogen on the material surface, as measured by XPS, was 2.6: 1. This was substantially lower than the metal to oxygen ratio (~11: 1), suggesting negligible oxidation of the metal nitride surface under ambient conditions. The Ni/Co ratios on the surface of these solid solution nitrides were measured through XPS, and the results showed a similar trend to that seen in the bulk structure (Table S1 ). To identify the catalytic sites of these Ni x Co 3-x N surfaces, the HRTEM images (Fig.  S11) suggested that the (111) plane was the dominant exposed lattice plane in both Co 3 N and Ni 3 N. For theoretical calculations, models were built on using a (111) surface with six layers of atoms with the bottom half was fixed while all others were fully relaxed. The projected density of states (pDOS) of surface atoms of each solid solution nitride were calculated to determine the reactive sites, shown in Fig. 2f and Fig. S12 . The surface atom denotations are shown in Fig. S13 to distinguish each contribution. Both N_top and N_surface atoms could act as highly reactive sites. Transition metal-surface atoms have the highest density at the Fermi level, and thus they were selected as the reactive sites for the calculations of binding of all of the intermediates.
The electrocatalytic performance was investigated by linear sweep voltammetry (LSV) using a rotating disk electrode (RDE) in oxygensaturated KOH electrolyte. Linear sweep voltammograms (LSV) measurements of SS/NCNT were conducted at different RDE rotation rates (Fig. 3a) . The kinetic process was analysed by using the KouteckyLevich (K-L) equation for SS/NCNT (Fig. S14) , the calculated electron transfer number (n) is~4 at a potential of 0.5 V vs. RHE, which is better than that of Pt/C (~3.92) and other Ni x Co 3−x N/NCNT materials (Figs. S15, S16), indicating a complete four-electron transfer pathway. 
Hence, DFT calculations were carried out based on a four-electron pathway mechanism for both ORR and OER, proposed as follows and further demonstrated by in-situ Raman studies ( 
In an alkaline environment, OER could occur by the following pathways: 
where * stands for an active site, (l) and (g) refer to liquid and gas phases, respectively. O*, OH*, and OOH* are the binding intermediates.
For each reactive step for overall Ni x Co 3−x N, the adsorption of O 2 for ORR is the rate determining step, and the formation of OOH* is the limiting step for OER (Fig. 3b and c) . The ORR catalytic reactions for this series of Ni x Co 3-x N/NCNT hybrids were compared and are shown in Fig. S18 ; they show the same trend as for theoretical predictions (Fig. 3d) . Ni 0.5 Co 2.5 N possesses the narrowest potential between ORR and OER and was the best performer as a bifunctional catalyst. Further analysis from the surface of the catalysts indicated that besides the modified bonds of TM-N in the bulk analysis, the valence charge of the surface atoms also varies and does not linearly change with the ratio (Fig. S19) . Overall, the nitrogen at the surface position (N_surf) possessed more electrons than the top position (N_top). This might be because the N_surf atoms are bonded with four transition metal atoms, whereas the N_top atoms are octahedrally bonded with three transition metal atoms. It also indicated that those transition metals bonded with the N_surf atoms were in higher charge-deficient states. Among all the Ni x Co 3-x N series, the Ni 0.5 Co 2.5 N composition is the one in which transition metal atoms are in a more charge-deficient state. From both surface and bulk structure analysis, the synergistic effect during catalytic processes can be attributed to both bulk-surface response and separated surface charge engineering realized by controlled Ni/Co atomic ratios in the nitrides. Hence, the Ni 0.5 Co 2.5 N composition delivered the weakest TM-N bonds in bulk and the highest charge-deficient states of transition metal atoms at the surface, which helps facilitate the most desirable catalytic property [40] [41] [42] . The best ORR performing sample SS/NCNT with a Ni/Co ratio of 0.5/2.5, was then compared with a commercial Pt/C catalyst, as shown in Fig. 3e . The half-wave potential for SS/NCNT is~30 mV more positive than that of Pt/C. Moreover, those two catalysts exhibited similar limiting current density, suggesting SS/NCNT is an excellent ORR electrocatalyst with faster kinetics and comparable diffusivity compared with Pt/ C. The current-time chronoamperometric responses (CA) were investigated for SS/NCNT and Pt/C at −0.45 V in O 2 -saturated 0.1 M KOH shown in Fig. 3f to assess durability. After 60,000 s, more than 98% of the initial current density is retained for the SS/NCNT catalysts, much higher than that of Pt/C (less than 70% retention of original current density), suggesting its excellent stability as an ORR catalyst. Meanwhile, the OER activities were also evaluated among different compositions of solid solutions, showing the similar trend as theoretical predictions (Fig. S20) . The best performer SS/NCNT was compared to a commercial IrO 2 catalyst. Higher concentrated electrolyte (1 M KOH) was chosen to increase the mass transport during the reaction thus enlarging the discrepancy of catalytic performance. As shown in Fig. 3g , the potential to reach the current density of 10 mA/cm 2 can be estimated as 1.554 V for SS/NCNT, almost the same value as that of IrO 2 (1.553 V). Remarkably, the current density increased dramatically with an increase of overpotential for SS/NCNT. The smaller Tafel slope of SS/NCNT further demonstrated its superior kinetic OER catalytic performance (Fig. 3h) . The stability investigation of OER catalytic performances was implemented by chronoamperometric response at 1.55 V vs. RHE in Fig. 3i , at which potential, both catalysts can reach the initial current density of~10 mA cm . After 60,000 s, the current density of SS/NCNT increased to 109% of the initial value, more than twice that of IrO 2 (48% retention). These results indicated that the increased performance of SS/NCNT for OER works over long-term conditions. The presented excellent bi-functional electrocatalytic properties made the SS/NCNT one of the top-tier catalysts amongst these reported as state-of-the-art (Tables S3 and S4 ). To uncover the mechanisms beyond performance evolutions of SS/NCNT after longterm working tests, electrodes with an area of~1 cm 2 were prepared using the same areal loading of SS/NCNT on hydrophobic carbon papers with gas diffusion layers. The morphologies, phases and chemical compositions were analyzed following the CA tests for both ORR and OER reactions. SEM images in Fig. S21 show that the interwoven NCNTs with dense nanoparticles have no obvious morphological change after both ORR and OER reactions. Furthermore, the new peak at~291.6 eV in both C 1 s spectra corresponded to organics containing C-F groups from the Nafion membranes (Figs. S22a, S23a) [43] . In addition, in both Co 2p and Ni 2p spectra, surface oxidation states increase from a mixture of +1 and +2 to mixed +2 and +3 states (Figs. S22b, S22c, S23b, S23c), which implies that higher oxidation 
states of Ni or Co are more favorable for the higher electrocatalytic activity observed herein, especially during the OER process [44, 45] . Compared to the pristine N 1 s spectrum and the one after ORR stability testing (Figs. S22d) , new peaks are observed (Fig. S23d) at 403 and~406.5 eV, which can be assigned to higher oxidation state surface N groups. During the oxygen electrocatalytic process, the surface of the catalysts is oxidized, forming Ni/Co hydroxides species, -NO 2 and/or -NO 3 groups [46] . However, the main peaks of Ni/Co nitrides are retained in the XRD patterns (Fig. S24) alongside the Ni/ Co-N bonds in N 1s XPS, which further illustrated the stability of the Ni x Co 3−x N in the structures. Moreover, the hydroxides with higher valence states of Ni/Co species, provide more active catalytic surfaces for the OER (where the Ni/Co nitride bulk framework likely improves electron conductivity due to its metallic nature), thus improving catalytic performance. To represent a more realistic environment, where the surface would form a thin layer of oxide/hydroxide during the electrochemical oxidation of water [47, 48] . The Ni 0.5 Co 2.5 N (111) was further modelled to saturate with -O and -OH, and are shown in Fig. S25a . After the surface oxidation, the changes of valence charge of the surface atoms are obvious (Fig. S25b) . The valence charge of Co_top and Co_surf atoms remain unchanged, while other Co positions and nitrogen are significantly reduced. It suggests that the oxidation could increase the charge-deficient states of transition metal atoms while weakening the TM-N bonds at the same time, which further boost the performance in OER.
To assess the actual application of SS/NCNT as bi-functional oxygen electrocatalysts, rechargeable Zn-air batteries were assembled. As shown by schematic illustration in Fig. 4a , a piece of Zn foil was used as the anode and the catalysts-loaded superhydrophobic carbon paper with a gas diffusion layer were prepared as the air-cathodes. To compare with the commercial Pt-coated carbon paper from Johnson Matthey (Product No. ELE00162; loading density: 0.4 mg cm −2 ), the mass density of the catalysts was controlled to be the same for SS/ NCNT and commercial Pt-IrO 2 /C. 6 M KOH containing 0.2 M of Zn(CH 3 COO) 2 was chosen as the electrolyte to guarantee the reversible redox reaction between Zn and Zn 2+ , further proved by Fig. S26 . The open circuit potentials (Fig. S27) for Zn-air batteries by using Pt on carbon paper made from Johnson Matthey (JM Pt), commercial PtIrO 2 /carbon loaded carbon paper (Pt-IrO 2 /C) and carbon paper supported as-synthesized catalysts (SS/NCNT) as air-cathodes are within the range of 1.35-1.4 V, suggesting similar values for these commercial Zn-air batteries and provides validity for the as-fabricated batteries. Polarization plots of the batteries in Fig. 4b presented the relatively higher discharge current densities and the lower charge/ discharge voltage gap of SS/NCNT compared to commercial noble metal catalysts and electrodes. Moreover, the maximum power density of the Zn-air battery using SS/NCNT catalysts were as high as 147 mW cm
, exceeding commercially available noble metal catalysts/electrodes (130 mW cm −2 for JM Pt and 125 mW cm −2 for Pt-IrO 2 /C). The galvanostatic discharge curves at a current density of 10 mA cm −2
( Fig. 4c) showed higher discharge potential of 1.245 V for the Zn-air battery with SS/NCNT catalysts, and retention at 1.228 V after 30 h, superior to that of the counterparts. The calculated energy density and specific capacity during discharge process are 931.7 Wh/Kg and 758.5 mAh g −1 for Zn-air battery with SS/NCNT on air-cathodes from Fig.   S28 . Several Zn-air batteries with SS/NCNT catalysts were assembled with the purpose to satisfy specific energy supply for actual applications. As presented in Fig. 4d , two Zn-air batteries based on SS/NCNT connected in series can be used to power a circuit containing the UCL logo in LED lights. To further evaluate the rechargeability of the Zn-air batteries based on different air-cathodes, cyclic galvanostatic discharge-charge measurements were performed at a current density of 5 mA cm −2 in Fig. 4e . The Zn-air battery with SS/NCNT air-cathodes exhibited an initial discharge potential of 1.30 V and charge potential of 1.91 V (enlarged area in Fig. S29) , with much smaller charge/discharge voltage gap of 0.61 V and higher round-trip efficiency of~68.1% compared to commercial products. Even after 300 cycles (50 h) without replacing the Zn anode or the electrolyte, the Zn-air battery with SS/ NCNT catalyst showed only a slight performance decay with an increase in the charge/discharge voltage gap of 0.3 V; whereas PtIrO 2 /C catalysts and Pt JM electrodes exhibited an increase of 0.4 V and 1.32 V, respectively, after 120 cycles under the same conditions. SEM (Fig. S30) and XPS (Fig. S31 ) results of the air-cathodes after cycling performance indicated the similar compositional evolution and structural integrity compared to single ORR and OER processes. Furthermore, Zn-air batteries in this work exhibited comparable performance compared to other reported work. (Table S5 ). These results demonstrate that the as-designed SS/NCNT catalysts can be promising alternatives to commercial noble metal materials for bifunctional ORR and OER electrocatalysts. In summary, a series of Ni x Co 3-x N/NCNTs hybrids have been developed as low-cost high-performance substitutes for commercial noble metal-based oxygen electrocatalysts. By coupled theoretical and experimental approaches, the compositions of the Ni and Co solid solution nitrides were analysed, optimised and controlled from the atomistic level. The multiple active sites and critical limiting steps were identified during catalytic processes. Then, specific ORR and OER activities were tailored by optimization of the ratio of Ni/Co in nitrides via bulk-surface response and separated surface charge distribution. Detailed structural analysis of the catalysts, both before and after ORR and OER reactions revealed that the Ni/Co hydroxides partially form, which are more active catalytic species for the OER. Moreover, the residual Ni x Co 3−x N provided a conduit for metallic electron conductivity that enhanced the catalytic performance. DFT simulation indicated that surface oxidation could increase the charge-deficient states of transition metal atoms while weaken the TM-N bonds at the same time. By utilizing the as-designed SS/NCNT catalysts in a rechargeable Znair battery configuration, the air-cathode outperformed commercial noble metal catalysts and electrodes in both rechargeability and durability. In addition, this work should stimulate further research on multiple-component nitrides for electrocatalysts in energy storage and conversion devices, and for in-situ studies of their catalytic mechanism. Theoretical work will focus on the kinetic interactions between surface modified layers with transition metal nitrides and alternative intermediates and pathways during each reaction. 
